The goal of retinal prosthetic devices is to generate meaningful visual information in patients that have lost outer retinal function. To accomplish this, these devices should generate patterns of ganglion cell activity that closely resemble the spatial and temporal components of those patterns that are normally elicited by light. Here, we have developed a stimulus paradigm that generates precise temporal patterns of activity in retinal ganglion cells, including those patterns normally generated by light. Electrical stimulus pulses ( 1 ms duration) elicited activity in neurons distal to the ganglion cells; this resulted in ganglion cell spiking that could last as long as 100 ms. But short pulses, less than 0.15 ms, elicited only a single spike within 0.7 ms of the leading edge of the pulse. Trains of these short pulses elicited one spike per pulse at frequencies up to 250
Introduction
Retinal degenerative diseases such as retinitis pigmentosa and age-related macular degeneration are the two leading causes of blindness in the US (Bunker et al. 1984 , but not all cell types respond with an equal number and/or pattern of spikes. Therefore, the prosthetic device must be capable of generating a wide range of spike frequencies and patterns. Even within a single cell type, there are considerable variations in the light-elicited spike trains, such as changes in spike rates used to code information about stimulus contrast (Smirnakis et al. 1997 ). In addition, several studies now indicate that spike timing between multiple retinal neurons is often very precise (Mastronarde 1989; Meister et al. 1995) , suggesting that prosthetic devices may need to generate spikes with high temporal precision.
Electrical stimulation of the retina activates multiple classes of retinal neurons complicating the generation of precise temporal patterns of spiking. Jensen et al reported that the spiking response to electrical stimulation consists of short-and long-latency components and that the latency of the late component ranged from 8 -60 ms. They further showed that the long component arose from activation of bipolar cells, excitatory presynaptic neurons in the inner nuclear layer. In response to light, bipolar cells deliver excitatory input to both ganglion cells and amacrine cells (see (Wassle 2004 ) for a review). Activated amacrine cells deliver inhibitory input in a feed-forward manner to ganglion cells and via feedback to bipolar cells. The precise interplay between these excitatory and inhibitory signals shapes the retinal response. Since electrical stimulation targets bipolar cells, it is possible that amacrine cells are targeted as well. Activation of amacrine cells is likely to lead to long-lasting inhibitory signals feeding both forward and backward and therefore may lead to many undesirable effects, such as increased threshold levels.
Here, we have developed a method of electrical stimulation that generates precise temporal patterns of spiking activity in retinal ganglion cells. We show that the early phase response JN-00849-2005.R1 5 occurs within 0.7 ms of the onset of the cathodic pulse. In response to pulses of electrical stimulation, we measured excitatory and inhibitory currents in ganglion cells indicating that both bipolar and amacrine cells were activated. Reducing the duration of the stimulus pulse reduced the excitatory and inhibitory currents, and we found that the late phase spiking response was eliminated when using very short pulses. Short pulses therefore elicit one spike per pulse with a predictable spike latency of 0.7 ms. One spike per pulse was elicited at pulse frequencies up to 250 Hz -comparable to the highest normal ganglion cell spike frequencies. To confirm the validity of these findings, we measured light elicited spike trains and replicated individual trains using pre-programmed arrays of short pulses.
JN-00849-2005.R1 6

Methods
Animal preparation
The care and use of animals followed all federal and institutional guidelines and all protocols were approved by the Animal Care and Use Committee, UC Berkeley. New Zealand white rabbits, ~2.5 kg, were anesthetized with injections of xylazine/ketamine and subsequently euthanized with an intracardial injection of sodium pentobarbital. Immediately after death, the eyes were removed. All subsequent procedures were performed under dim red illumination. The front of the eye was removed, the vitreous eliminated and the eye cup dissected so that the visual streak and regions ventral were left intact -all other areas were discarded. Three rectangular pieces, each approximately 5 x 7 mm, were extracted and stored in oxygenated Ames medium (see below) prior to use. Storage times ranged from 15 minutes to 6 hours. Just prior to use, the retina was extracted from the eye cup and mounted, photoreceptor side down, to a 10 mm square piece of Millipore paper which was mounted with silicone grease to the recording chamber (~1.0 ml volume). The Millipore paper had a 4 mm square hole in its center which allowed light from below to be projected on to the photoreceptors. Retinas were superfused continuously at 7-10 ml/min with Ames medium (Sigma; pH 7.4, 36°C), equilibrated with 95% O2 and 5% CO2. Kanamycin sulphate antimicrobial was added to the Ames medium. cathodic and anodic pulses were typically equal and opposite square wave pulses (MultiChannel Systems hardware and software). Cathodic pulses were delivered first and intervals between phases were large enough so that the neural response to the cathodic pulse was completed before the onset of the anodic phase (typically 5 ms, range 2 -100 ms). In some of the higher stimulation frequency experiments, the duration of the anodic pulse was increased by 2-10x. The amplitude was adjusted to keep the total charge constant. Electrical pulses were delivered using Platinum-Iridium electrodes (MicroProbes Inc., impedances 10 - 
Stimulus pulses activate bipolar and amacrine cells Stimulus pulses elicit excitatory and inhibitory currents in ganglion cells In order to
better understand the activation of presynaptic cells, we directly measured the input currents to ganglion cells using whole cell patch clamp recordings. The isolated excitatory input current to ganglion cells provides a measure of the activation level of presynaptic excitatory neurons (most likely bipolar cells); increased release from these cells appears as an inward current in ganglion cells. Similarly, the isolated inhibitory current provides a measure of the activation level of presynaptic inhibitory neurons (most likely amacrine cells); increased release from amacrine cells appears as an outward current in ganglion cells. We used the magnitude and duration of the input currents to provide a more precise means of determining the activation level of presynaptic neurons in response to different stimuli configurations.
We measured robust excitatory input currents in response to electrical stimulus pulses (Fig.   3a) . By convention, increases in excitatory currents are shown as downward deflections and downward peaks are depicted by vertical arrows. The presence of excitatory input currents
indicates that bipolar cells were activated by electrical stimulation (n=4/4). Stronger stimulation levels generally elicited more excitatory activity (n=4/4), suggesting that bipolar activation increases with increasing pulse duration.
We also measured inhibitory currents in response to these pulses (n=3). Increases in inhibitory currents are drawn as upward deflections and upward peaks of inhibitory activity are again indicated by vertical arrows; the second peak is considerably longer and stronger than the Stimulus pulses elicit reverberating activity at the inner plexiform layer. We examined the temporal correlation between spiking and the peak levels of excitatory and inhibitory input.
Pulse-elicited spikes occurred during the onset (leading downward slope) of excitatory input currents (Fig. 3b) ; a similar temporal relationship exists between spiking and excitatory currents in response to light. The inhibitory current peaks were out of phase with the excitatory peaks so that inhibition was maximal in-between and after the late phase spikes. In general, the peaks of excitation and inhibition alternated, suggesting that electrical stimulation elicits a reverberation of the underlying circuitry. For larger amplitude stimuli, we observed additional alternating peaks of excitation and inhibition lasting as long as 80 ms although we did not quantify these responses or study the underlying mechanism (n=3).
Amacrine cells activation disrupts the response to subsequent pulses
In healthy retina, amacrine cells deliver both feed-forward inhibition to ganglion cells and feedback inhibition to bipolar cells. This raises the question whether electrically-stimulated amacrine cells will inhibit either ganglion or bipolar cells or both. Inhibitory currents can last for ~100 ms (Fig. 3a) , so the spiking response to pulses spaced at less than 100 ms intervals might be affected.
Long lasting inhibition reduces excitation
To evaluate the effect of prolonged inhibition, we measured the excitatory input to ganglion cells as stimulation frequency increased (Fig. 4) .
Since the inhibitory input to an individual stimulus pulse persisted for ~ 100 ms, we reasoned that inhibition would not affect responses for low stimulation frequencies (well below 10 Hz), but would affect responses at higher stimulation frequencies. We measured excitatory currents in response to stimulation pulses delivered at 1 Hz (Fig. 4 , top trace, n=4) and found them to be consistent from trial to trial. When the stimulation frequency was raised to 2 Hz however, the amplitude of the excitatory input current was reduced immediately: the magnitude of excitation was largest for the first pulse and reduced consistently for the second and subsequent pulses (middle trace). This suggests that an inhibitory signal was acting at the release sites (bipolar cell terminals) to reduce excitation. The reduction was largest at the second pulse; excitatory currents increased over the next few pulses but did not return to original levels. This affect is most evident in the 2 Hz traces (middle panel). At higher stimulation frequencies, the amplitude of the excitatory input current continued to decrease (bottom trace) and by 10 Hz, the excitatory input current was no longer detectable (data not shown). The reduction of excitatory input with increasing stimulation frequency was summarized by averaging the elicited excitatory input per pulse at each stimulation frequency (Fig. 4b) . These results suggest that the release of excitatory transmitter from bipolar cells is suppressed by long duration stimulus pulses and that the suppression persists for at least 500 ms. It is likely that this suppression is mediated by 
Separating the early and late phase responses
Is it possible to independently activate either the early or late-phase spiking responses? Our results so far suggest that the spiking response to electrical stimulation is the result of a direct spike in ganglion cells (early phase) as well as a complex interaction between presynaptic neurons that results in a variable amount of spiking (late phase). We observed that the excitatory input elicited by electrical stimulation was a function of pulse duration: longer duration pulses generated larger excitatory inputs (Fig. 5a , n=2/2). This suggested that decreasing the pulse duration might reduce or eliminate excitatory input to ganglion cells and therefore the late phase spikes. Short duration pulses were not likely to eliminate the direct spike because the onset of the spike closely followed the leading edge of the cathodic pulse (Fig. 1b, inset) suggesting that the leading edge of the pulse was generating the early phase spike.
The response to short duration cathodic pulses (Fig. 5b) One spike per pulse is consistent at higher stimulation frequencies The ability to generate a single spike from a single electrical pulse is important and suggests that we can use short pulses to generate specific predetermined patterns of spiking. Ganglion cells generate light elicited spiking at rates up to 250 Hz and so we evaluated whether short pulses could generate one pulse per spike at higher stimulation frequencies (Fig. 6a, b) . High frequency trains of short duration stimulus pulses (Fig. 6a, top One spike per pulse is generated over a wide range of stimulus amplitudes. We were able to consistently generate one spike per pulse over a wide range of stimulus amplitudes (Fig.   6c ). Above threshold levels, stimulus pulses elicited spikes (vertical arrow, left gray box). The threshold at which spiking occurred was determined by observing the change in shape of the early phase response (compare the control and TTX traces in Fig. 5b ). The early phase response persisted for all stimulus levels above threshold. At higher amplitude levels however, stimulus pulses elicited late phase spiking (Fig 6c, right column) . Further increases of stimulus amplitude generated increased amounts of late phase spikes. For this cell, the range of amplitude that elicited a single spike was 120 -340 µA. For the population (n=13), the range of effective amplitude was 193±64 µA. The spike was elicited by the cathodic phase of the pulse;
in almost all cases, anodic pulses did not elicit spiking, even up to the late-phase spike threshold (n=12/13).
Replicating light elicited spike patterns
We used programmed sequences of short pulses to replicate light elicited spike patterns (Fig. 7) . We measured the spiking response to the flash of a small square of light (Fig. 7a, b) and calculated the latency of each spike. This was used to program a sequence of short duration pulses (Fig. 7b, top) such that the latency of individual cathodic pulses matched the latency of individual spikes; charge-balancing anodic pulses followed each cathodic pulse. The programmed sequence of pulses was delivered to the ganglion cell and the net result was a pattern of elicited spikes whose temporal pattern precisely matched the pattern of light-elicited spikes (Fig. 7c) . Jitter between individual light-and pulse- 
Discussion
Light-elicited spike patterns can be simulated with electrical stimulus pulses
We have developed a method to replicate light-elicited spiking patterns in individual ganglion cells using electrical stimulation. One short duration cathodic pulse (~0.1 ms) generated one spike, time-locked to within 0.7 ms of the pulse onset (Fig. 5c) . One spike per pulse was elicited at stimulation frequencies up to 250 Hz (Figs. 6a, b) , the upper limit of light-elicited spiking responses. This suggests that precise temporal patterns of spiking, including those patterns elicited by light, can be generated using programmed arrays of short pulses (Fig. 7) . Matching the normal light spike patterns provides a method to send a more natural (physiological) signal to the brain which may lead to the generation of more meaningful percepts.
There will be variability in the distance between individual electrodes and targeted ganglion (Fig. 6c) .
The latency of the early-phase response is less than 0.7 ms We found the latency between the onset of the stimulus pulse and the onset of the elicited spike to be less than 0.7 ms (Fig. 5c ). This value differs from a recent study ) which reported latencies of 3-5 ms. The most significant difference between the studies is the position of the recording electrode. We placed patch clamp electrodes directly onto the surface of the ganglion cell soma ('cell-attached patch'). This measurement provided a robust spiking signal that could be visualized within the stimulus artifact; comparison to the TTX response allowed us to isolate the spike and precisely determine its latency. Previous studies ) using extracellular recordings placed the recording electrode several millimeters from the stimulating electrode. Under these conditions the measured latency included a delay that was a result of spike propagation along the axon to the recording site. The long delay is effective for separating spikes from the stimulus artifact but misrepresents the actual timing between the stimulus pulse and the spike onset.
Long lasting activation of amacrine cells suppresses responses to subsequent stimulation
Long pulses activate neurons presynaptic to ganglion cells Long pulses of electrical stimulation ( 1 ms) elicited excitatory and inhibitory currents in the ganglion cell, indicating that both bipolar and amacrine cells are activated by these pulses (Fig. 3) . Bipolar cell activation is supported by previous studies (Greenberg 1998; ) in which a portion of the pulse-elicited spiking response disappeared in the presence of excitatory synaptic blockers. We were able to determine the level of bipolar cell activation by measuring the magnitude of excitatory input currents in ganglion cells and found that shorter pulses resulted in progressively weaker bipolar cell activation (Fig. 5a ). This led us to test shorter pulses as a means of silencing bipolar cell mediated spiking.
Activation of amacrine cells suppresses presynaptic activity
In the normal retina, amacrine cells synapse onto and inhibit bipolar, ganglion as well as other amacrine cells. This suggests that activated amacrine cells might not only inhibit the direct early-phase response (by raising activation thresholds), but might also reduce the amount of late phase spiking by suppressing activation of bipolar cells to subsequent pulses. The long duration of the pulseelicited inhibitory current (Fig. 3a) suggests that the response to subsequent pulses could be inhibited for up to 100 ms which would interfere with stimulation at frequencies greater than 10
Hz. We observed a reduction of excitatory input at stimulation frequencies as low as 2 Hz (Fig.   4 ). Our results do not allow us to unravel the mechanism by which this occurs, but it seems likely that the reduced excitatory input to subsequent pulses arises from an increased level of amacrine cell mediated inhibition that arrives at the bipolar cell terminal. The duration of this effect was 500 ms, even longer than the ~100ms duration of the direct inhibitory signal. The difference in duration between the two inhibitory effects (direct vs. reduction of excitatory input)
suggests that more than one population of amacrine cells are activated: one population delivers direct inhibitory input to ganglion cells, the other population inhibits the release of excitatory transmitter at the bipolar cell terminal. It is possible that additional populations of amacrine cells are also activated, although we did not encounter their effects in our measurements.
The diverse effects of activated amacrine cells suggest that long stimulus pulses may compromise our ability to generate closely spaced patterns of spiking activity in retinal ganglion cells. Whereas short pulses can reliably elicit spikes every few milliseconds, long pulses elicit prolonged inhibitory activity that can adversely affect the spiking response to subsequent pulses. On the other hand, inhibitory activity from long stimulus pulses may provide a mechanism to temporarily reduce the spiking output of the retina, e.g., if spontaneous activity is increased in degenerated retina (Stasheff 2004 ).
Are small diameter electrodes more suitable for retinal stimulation?
Small diameter electrodes can reliably elicit spiking at safe stimulation levels In this study we used small tipped electrodes to elicit spiking in ganglion cells -the surface area of our largest electrodes was comparable to a 40 µm diameter disk electrode, considerably smaller than currently-used implanted electrodes (Humayun et al. 2003 (Cogan et al. 2005 ) and electrodes with symmetrical designs (circular, hemispherical) will reduce the elevated charge densities arising from irregular shapes. Reducing electrode size will allow focal activation of small groups of neurons which will lead to higher resolution patterns of prosthetic elicited activity that are closer to light elicited patterns.
Short pulses lower charge density levels Typical threshold levels for 1 ms pulses were ~15
µA, corresponding to a charge density of 0.17 mC/cm Technical challenges for implementing short pulses Short pulses have lower total charge requirements (p.19) but require higher stimulation current levels and will likely require higher power supply voltage levels. The higher current levels associated with short pulses may lead to increased heating of the retina. Finally, stimulation methods that employ short pulses to elicit individual spikes may require more sophisticated signal processing regimes. The considerable benefits associated with replicating light elicited spike patterns with short pulses will have to be evaluated in light of these additional engineering challenges.
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